Microbial genotyping is increasingly being used to track infectious diseases as they spread in the human population. The need to identify closely related microorganisms with a degree of certainty is obvious from both an epidemiological and a public health perspective. Amongst other characteristics, the ideal genotyping system must be applicable to all isolates of a species, have a high level of reproducibility, and yield polymorphic results between nonrelated isolates. DNA typing methods are often based on gel electrophoresis analysis of fingerprinting [9] . Macrorestriction analysis of genomic DNA followed by pulsed-field gel electrophoresis (REA-PFGE) is still the most widely used method for some bacteria on account of its discriminatory capacity between related and nonrelated isolates, and adequate intra-and inter-laboratory reproducibility [2, 11, 12, 18] . However, REA-PFGE is time-consuming and labor-intensive and can only be conducted in reference laboratories with skilled technicians.
Other strategies that are currently being investigated for their epidemiological usefulness are the variable number of tandem repeat (VNTR), or multiple locus variable multilocus tandem repeat (MLVA) analyses [9, 16] . A multitude of additional techniques have also been investigated for their potential in an epidemiological setting. These include multilocus sequence typing (MLST), DNA microarray technology, single nucleotide polymorphism (SNP) detection, ribotyping, and insertion sequence (IS) profiling, or a combination thereof. MLST has become more popular in epidemiological typing, as it allows for an easier construction of electronically accessible genetic databases and is less labor-intensive [9] . However, MLST methods only provide limited genetic information, as they merely analyze the sequence of highly conserved genes, thus restricting their discriminatory power between related strains. Particular interest and rapid development are observed for techniques using oligonucleotide adapters; that is, LM-PCR (ligation-mediated PCR) methods such as amplified fragment length polymorphism (AFLP) [9, 10, 17, 19] , amplification of DNA surrounding rare restriction sites (ADSRRS) [3] , and PCR melting profiles (PCR MP) [6] . These techniques involve: (i) the extraction of highly purified DNA, (ii) the restriction endonuclease digestion of DNA, (iii) the ligation of adapters, where a double-stranded adapter is constructed by annealing two nonphosphorylated oligonucleotides containing each restriction site and a sequence that is homologous to the PCR primer binding site, (iv) selective-PCR with appropriate primer(s), and (v) gel electrophoresis and fragment analysis. Each technique has its own way of selecting the restriction fragments to be amplified. In AFLP, a number of primers are designed, consisting of three parts; a core sequence at the 5' terminal, an enzyme-specific sequence, and a selective extension at the 3' terminal. These will selectively bind to a fraction of the restriction fragments and amplify them, thereby reducing the DNA complexity by a factor of 100-1,000. In ADSRRS, PCR suppression allows for the amplification of only a limited subset of DNA fragments, as only those with two different oligonucleotides ligated at the ends of complementary DNA strands are amplified in the PCR. In PCR MP, the selection of restriction fragments to be amplified depends on the use of low denaturation temperatures during LM-PCR.
This study presents a new LM-PCR genome fingerprinting technique, LM-PCR/Shifter, based on the selective amplification of a subset of DNA fragments generated by Class IIS restriction enzymes. These enzymes recognize nonpalindromic DNA sequences of between 4 and 7 base pairs in length and cut up to 20 bases outside their target sites, creating different "sticky ends" up to 5 bases long [14] . The LM-PCR/Shifter technique relies on the incorporation of primer binding sites in the adapters to amplify the captured sequences over other sequences by standard PCR methodologies. Genome complexity reduction is achieved with the use of a small and finite number of universal adapter-building oligonucleotides with a specific selection from the thousands of short genomic fragments depended on the 5' end sequence of the adapter and the 3' end sequence of the primer(s) used.
MATERIALS AND METHODS
Bacterial Strains E. coli reference strain MG1655 (ATCC No 700926; Manassas, USA) was initially used to test the strategy for the new LM-PCR/ Shifter genotyping method.
To evaluate the LM-PCR/Shifter method for epidemiological studies, E. coli strains of clinical origin were examined. The strains were divided into three groups. The first group consisted of 20 epidemiologically unrelated E. coli strains, originating from a wide 
Urine G G geographic area and drawn from a collection kept in the Microbiology Department of the Gda sk University of Technology, which were genotyped in our previous study, using REA-PFGE and PCR MP methods [6] . The second group consisted of 11 E. coli strains, collected from two patients, a newborn child with sepsis and the child's mother, in the neonatology clinic in Public Hospital No. 1 in Gda sk (Table 1) . On the basis of detailed biochemical, clinical, and epidemiological data, it was assumed that these strains were epidemiologically related. A third group of E. coli strains was collected from individual patients of different clinics at Public Hospital No. 1 in Gda sk, which consisted of 20 isolates of E. coli from six patients with sepsis (Table 1 ). These strains have been genotyped in our parallel study, by means of the REA-PFGE and PCR MP methods. Since this was a retrospective and methodological study on isolates already available to us, it was deemed unnecessary for it to be cleared with an ethical committee. All the patients' files remain confidential and none of them can, or could, be identified. Klebsiella oxytoca reference strains and 20 randomly chosen strains, each clinical in origin, of Staphylococcus aureus, Serratia marcescens, Enterococcus faecium, Klebsiella pneumoniae, Acinetobacter sp., and Klebsiella oxytoca, were also used to test the LM-PCR/Shifter method. These strains, collected at the Microbiology Department, Gda sk University of Technology, have been previously genotyped using the REA-PFGE and PCR MP or ADSRRS methods [4, 5, 7, 8, 13] .
DNA Isolation
DNA isolation, from plate culture, was performed using the GeneMATRIX Bacterial & Yeast Genomic DNA Purification Kit (EURx Ltd., Gda sk, Poland) following the manufacturer's recommended procedure. DNA concentrations were measured using a NanoDrop ND-1000 (Thermo Fisher Scientific, Wilmington, USA) and were between 50 and 100 ng per microliter.
Choice of Class IIS Restriction Enzyme
The choice of a Class IIS restriction enzyme was made after analyzing the nucleotide sequence of a reference E. coli K12 MG1655 strain (Acc. No: U0096, sequence database: National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov) using a Vector NTI 4.0 program. Ten restriction Class IIS enzymes, generating 5' sticky ends, were analyzed: Alw26I, Eco31I, AarI, Esp3I, and FaqI (Fermentas UAB, Vilnius, Lithuania), and FokI, BspMI, SfaNI, BbvI, and HgaI (New England BioLabs GmbH, Frankfurt, Germany). The Alw26I enzyme was chosen on the basis of the numbers of PCR products generated with a size ranging from 50 to 1,250 bp (17 fragments; typically, the pattern consisted of 10-20 sizable bands and had a high discriminatory power). The low cost of the enzyme was also taken in account in its selection. The use of other enzymes might allow for a higher or lower degree of discrimination between isolates and may be regarded as an additional enzyme in relation to the normal use of Alw26I.
Oligonucleotides
The oligonucleotides were synthesized by Sigma-Aldrich (Steinheim, Germany). The adapters were prepared by annealing two complete, single-stranded oligonucleotides (the helper oligonucleotide NGCN: NGCNGAGCTGCTATCG, and the ligated oligonucleotide: CGAAC TCGATAGCAGCTC) to produce degenerated 4-base (NGCN), 5' overhangs (2 min incubation at 70 o C, followed by cooling at room temperature). The NGCN primers used in most of our experiments consisted of a mixture of four oligonucleotides (CGAACTCGATAG CAGCTCNGCA, CGAACTCGATAGCAGCTCNGCT, CGAACT CGATAGCAGCTCNGCC, and CGAACTCGATAGCAGCTCNGCG). The selection for the primer oligonucleotide sequence depended on the discriminatory power for testing microorganisms. The PCR products, 10 µl out of 25 µl, were electrophoresed on 6% polyacrylamide gels with a TBE buffer and stained with ethidium bromide (0.5 mg/l aqueous solution) for 10 to 15 min. Images of the gels were analyzed using a Versa Doc Imaging System version 1000 (Bio-Rad Laboratories, Hercules, USA).
For the optimization and validation of the LM-PCR/Shifter method, various sources and quantities of reagents, DNA for digestion steps, and timings for the successive steps of the procedure were tested. In the case of PCR, different sources of thermostable DNA polymerase were examined (Fermentas UAB, Vilnius, Lithuania; EURx Ltd., Gda sk, Poland; Taq RUN, A&A Biotechnology, Gdynia, Poland; Hypernova, BLIRT Biolab Innovative Research Technologies, Gda sk, Poland).
The reproducibility of the technique was examined by performing three separate analyses using the LM-PCR/Shifter procedure for each isolate, with three separate DNA extractions, and by using three different thermal cyclers (Biometra Tgradient cycler, Biometra GmbH, Goettingen, Germany; Perkin-Elmer GENEAMP PCR System 2400, Applied Biosystems, Foster City, USA; Eppendorf Mastercycler ep gradient S, Eppendorf GmbH, Hamburg, Germany). The analyses were conducted in a number of laboratories, by different people and at various times. 
DNA Analysis
The DNA bands obtained by any of the three methods, namely REA-PFGE, PCR MP, and LM-PCR/Shifter, were visualized by UV transillumination after ethidium bromide staining. We adopted the criteria specified by Tenover et al. [15] , in which strains of identical sizes and numbers of clearly visible bands were considered genetically indistinguishable and assigned to the same type. Strains with banding patterns that differed by up to three bands were considered as closely related and described as subtypes, whereas strains with banding patterns that differed by four or more bands were considered to be different types. The patterns obtained from the electropherograms, by the three methods used, were also converted and analyzed using Quantity One software, version 4.3.1 (Bio-Rad Laboratories, Hercules, USA).
RESULTS

Outline of the LM-PCR/Shifter Method
The LM-PCR/Shifter method relies upon the incorporation of primer binding sites in the adapters to amplify the 
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captured sequences over other sequences by standard PCR methodologies.
The schedule of the LM-PCR/Shifter method applied in our experiments is shown in Fig. 1A . Genomic total DNA is digested with an Alw26I restriction enzyme (Class IIS) (Fig. 1A) . These enzymes produce 4-base, 5' overhangs restriction fragments. There are 256 possible combinations of the bases at each end of each adapter, resulting in 65,536 possible 4-base, 5' overhangs. Functionally, this equates to 32,768 unique 5' overhangs, owing to the directional reversibility of the 5' overhangs. Next, the mixture of DNA fragments is ligated with a synthetic adapter formed by mixing two oligonucleotides (the helper NGCN and the ligated oligonucleotides) (Fig. 1B) . The 5' end of the helper NGCN oligonucleotide creates 256 unique adapters. In the third step, PCR with NGCN primers is performed (Fig. 1C) . The mixture is incubated to release unligated oligonucleotides to fill in the single-stranded ends and, finally, amplified by PCR utilizing common primer binding sites in the adapter. A sequence of 4-base, 5' overhangs of the adapter and a 4-base sequence of the 3' end of primer determine the number of fragments that are amplified by PCR.
Testing of the LM-PCR/Shifter Method
In principle, for bacterial genomes of known nucleotide sequences, this method should produce predictable results. To verify this point, we analyzed the nucleotide sequence of E. coli K-12 MG1655 using Vector NTI 4.0 Delux 32-bit software (Invitrogen, Carlsbad, USA) to verify the number and sizes of the DNA fragments that should be obtained after digestion with Alw26I endonuclease. Next, restriction fragments with 4 bp long, 5' overhangs, complementary to the 4 bp, 5' overhangs of the NGCN adapters, were selected.
The results of the analysis were compared with experimental data obtained after the application of this method to the total DNA preparation isolated from E. coli MG1655. It appears that up to approximately 1,250 bp, the electrophoretic patterns, number, approximate length, and relative mobility of the amplified fragments agree with the computer analyses. After the treatment of E. coli MG1655 DNA with Alw26I restriction nuclease (Fig. 2) , the following DNA fragments should be visible: 76, 115, 234, 263, 299, 341, 445, 476, 480, 490, 550, 577, 799, 1,119, 1,208, 1,215, and 1,250 bp; the length of both adapters, equal to 36 nucleotides, was added to that of the restriction fragments. Identical results were obtained in three independent experiments performed with DNA isolated from different cultures of the MG1655 E. coli strain (Fig. 2) . The results obtained in the PCRs did not depend on the thermostable DNA polymerase used (results not shown) or on the thermal cycler used (results not shown).
The LM-PCR/Shifter Method in Strain Genotyping
In order to evaluate the use of the LM-PCR/Shifter method in epidemiological studies, three groups of E. coli strains were tested.
All the strains from the first group, consisting of E. coli unrelated strains of clinical origin, determined by PFGE and PCR MP as described previously [6] , were determined as different genotypes and proved to be unrelated. Representative results are given in Fig. 3 .
For the second group of E. coli strains (Table 1) , it was assumed, on the basis of detailed biochemical, clinical, and epidemiological data, that they were epidemiologically related. The genetic links between isolates from the mother's stools, and the child's blood, throat, urine, and rectum were analyzed using the LM-PCR/Shifter, PCR MP, and REA-PFGE methods. The genotyping showed identical results, regardless of the method used (Fig. 4 and Table 1 ). As shown, the fingerprinting patterns for isolates from the child were consistent with that of the isolate from the mother (A genotype). Six weeks after the incident, the mother's E. coli isolate (no. 7, anal swab) showed a different genotype (B), and isolates from the child were still the ó Fig. 2 . Polyacrylamide gel electrophoresis of PCR products obtained from E. coli DNA treated using the LM-PCR/Shifter method.
The DNA samples from the E. coli strain K-12 MG1655 (lanes 1-3) were digested with the Alw26I restriction endonuclease, subsequently ligated with a NGCN adapter (see Fig. 1 ) and then subjected to PCR, performed with NGCN primers. Lane M shows the DNA molecular weight marker (1,000-200 bp); the lengths of the DNA fragments are given in the margins of the image. The electrophoresis of the DNA amplicons were run on 6% polyacrylamide gel.
same genotype A. As expected, the epidemiologically related isolates showed a high degree of similarity.
The third group of the E. coli strains tested consisted of isolates of E. coli from six patients with sepsis and they were intially genotyped using PCR MP and REA-PFGE. The results were compared with results from the LM-PCR/ Shifter method ( Fig. 5 and Table 1 ). Genotype similarity was documented with E. coli bacteremia, for which paired blood and fecal or urine isolates were available for genomic typing and which was probably the major source of these bacteremias. The LM-PCR/Shifter fingerprinting patterns obtained were in accordance with their PCR MP and REA-PFGE grouping. The results also showed that genotype B (with subtype B 1 , B 2 , and B 3 ) was identified in three patients (II, III, and IV), and genotype D (with subtype Table 1 , first epidemiological case).
The number of the isolate is given above each lane. Lanes M, M1, and M2 contained DNA molecular weight markers of 3,000-200 bp, 636.5-48.5 kbp (DNA Size Standard Lambda Ladder; Bio-Rad Laboratories, Hercules, USA), and 1,000-200 bp, respectively. The electrophoresis of the DNA amplicons for the LM-PCR/Shifter and PCR MP methods were run on 6% polyacrylamide gel. For REA-PFGE, the chromosomal DNA was digested with XbaI (Fermentas UAB, Vilnius, Lithuania), and the fragments were fractionated on a 1% agarose gel. Table 1 , second epidemiological case).
The number of the isolate is given above each lane. Lane M shows the DNA molecular weight marker (3,000-200 bp); the lengths of the DNA fragments are given in the margins of the image. The electrophoresis of the DNA amplicons were run on 6% polyacrylamide gel. D 1 ) was identified in two patients (III and V). These were probably outbreak strains. The other E. coli genotypes were specific to each patient (genotype A for patient I, genotype C for patient II, genotype F for patient V, and genotype G for patient VI). On the basis of these results, we can state that the discriminatory power of the LM-PCR/Shifter method is similar to that of REA-PFGE and PCR MP.
We also applied our method to analyze the total DNA from reference and clinical strains for Staphylococcus aureus, Serratia marcescens, Enterococcus faecium, Klebsiella pneumoniae, Acinetobacter sp., and Klebsiella oxytoca, which were previously tested in our laboratory using REA-PFGE and/or PCR MP techniques. For each microorganism, we chose to apply the LM-PCR/Shifter analysis on 20 strains with a known genotype. For all the strains tested, the LM-PCR/Shifter fingerprinting patterns obtained were in accordance to their previous grouping. The fingerprints for representative K. oxytoca strains are as shown in Fig. 6 . Genotyping analysis by means of the LM-PCR/Shifter method showed that the K. oxytoca strains can be divided into six main genotype groups. The results were in accordance with their previous grouping by PCR MP for a large numbers of strains (six groups named KoA, KoB, KoC, KoD, KoE, and KoF) [13] . This would suggest that the strains examined represent at least six different lineages, which concurs well with the data reported by others [1] .
Reproducibility and Flexibility
We also validated the reproducibility of the LM-PCR/ Shifter method. DNA isolation from pure cultures was conducted on three separate occasions. The LM-PCR/ Shifter analysis of the same isolates, performed by three different people, revealed identical PCR fingerprints, although different thermocyclers were used each time. The PCR profiles obtained with different DNA polymerases also proved to be identical. However, there was a small variation in the intensity of the bands, although this did not result in either the loss or gain of any information. The results were analyzed by all four authors of this paper on each occasion. All the isolates tested were assigned to the same genetic groups by all of us. We also proved the flexibility of this method; the application of various enzymes, such as DNA ligases and polymerases, and the modification of the protocol according to the time and source of the reagents had no effect on either the PCR profile or the classification of the isolates into genetic groups.
DISCUSSION
The AFLP, PCR MP, and ADSRRS techniques, based on the ligation of appropriate adapters (LM-PCR), have been successfully used for epidemiological studies on prokaryotic and eukaryotic microorganisms [3, 6, 10, 17, 19] . In this study, we propose a new method, called the LM-PCR/ Shifter method, based on the use of a Class IIS restriction enzyme giving restriction fragments with different 4-base, 5' overhangs (Shifter) and the ligation of appropriate oligonucleotide adapters corresponding to the cohesive ends of the DNA fragments, and selective PCR amplification of the ligation products (LM-PCR).
The usefulness of the LM-PCR/Shifter method in respect to microorganism strain differentiation was also demonstrated, and the results were compared with those obtained by means of the REA-PFGE and PCR MP methods. When analyzed with three different genotyping methods, the results showed the same main genotype groupings. Comparative studies have shown that the REA-PFGE technique requires larger amounts of intact chromosomal DNA and specialized electrophoresis equipment, and also that it is most time-consuming, although it is a highly sensitive, extremely reproducible, and useful technique for strain discrimination [2, 12, 18] . The PCR MP method has proven to be extremely reproducible [6] , but it is known to be sensitive to small fluctuations in These strains, shown in the lanes designated 1-9, were previously genotyped by the PCR MP method and determined as KoA (strains 1 and 2), KoB (strain 3), KoC (strain 4), KoD (strain 5), KoE (strains 6 and 7), and KoF (strains 8 and 9) main genotypes, respectively. Lane M shows the DNA molecular weight marker (1,000-100 bp); the lengths of the DNA fragments are given in the margins of the image. The electrophoresis of the DNA amplicons were run on 6% polyacrylamide gel.
temperature during PCR. For that reason, validation of the thermal cycler is an important issue in terms of the generation of reliable and repeatable data. Based on the results in the present study, we conclude that the new LM-PCR/Shifter method presented here has discriminatory power and high reproducibility, similar to the REA-PFGE and PCR MP methods. As regards the REA-PFGE and PCR MP methods, the advantage of LM-PCR/Shifter analysis is that the patterns are a representation of the whole genome. In contrast to the PCR MP typing method, there is no problem with sensitivity to small fluctuations in temperature during the procedure. The PCR conditions can be standardized through the use of common adapters and primers in order to allow for parallel amplification of specific restriction fragments with appropriate adapters, without the need for designing primers and optimizing conditions for each species typing. The actual number and average size of the genomic fragments may be controlled by performing digests with different or multiple restriction enzymes of the Class IIS used. There are, at the very least, several commercially available Class IIS enzymes that produce 4-or 5-base overhangs. Another way to increase the number and average size of genomic fragments in this method is to use more than one degenerate adapter and/or primer. The ability to perform multiplex isolations of fragments, by combining several primer oligonucleotides in one reaction, can increase the discriminatory power of the method (results not shown). This could prove to be particularly useful for microorganism differentiation at different levels of analyses, for example in interspecies or intraspecies discrimination or in long-or short-term epidemics, when distinct discriminatory power might well be necessary.
In summary, we have described a strategy for a new genotyping method that relies on the amplification of genomic DNA fragments and that utilizes a small, but universal set of oligonucleotides for adapters and PCR primers. The novel feature of this approach is the use of Class IIS restriction enzymes that produce 4-base overhangs. The procedure we have described is cost-effective because it utilizes a relatively small set of oligonucleotides and one restriction enzyme and can be easily standardized to allow for rapid and parallel amplification of genomic DNA fragments for high-throughput genomic analyses in various species. Given the low cost and relatively high discriminatory power of the LM-PCR/Shifter method, we propose that this is a convenient alternative genotyping method for epidemiological studies. 
